Therapeutic drug monitoring of protein unbound ciprofloxacin concentrations to avoid inadequate treatment of severe bacterial infections in critically ill patients.
INTRODUCTION
Infections are common in critically ill patients and often contribute to the severity of their condition. Bacterial infection is the primary concern. Antibiotics are among the medications most frequently administered to the critically ill with high levels of intra and inter individual pharmacokinetic (PK) variability [1] [2] [3] .
OBJECTIVES: To develop a reliable ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) method for therapeutic drug monitoring (TDM) of unbound ciprofloxacin concentrations in critically ill patients.
METHODS: Total and unbound ciprofloxacin concentrations of five randomly selected intensive care unit (ICU) patients were measured using UPLC-MS/MS. Method validation included accuracy, linearity, precision, repeatability, and limits of detection and quantification.
RESULTS: The median unbound ciprofloxacin fraction was 74.8%, with a median area under the curve from 0-24 h (AUC0-24) and maximum serum concentration (C max ) of 28.51 h·mg/L and 4.45 mg/L respectively. Median free AUC0-24 (fAUC0-24) and free Cmax (fC max ) were 21.57 h·mg/L and 3.53 mg/L respectively; 20% of patients reached the pharmacodynamic target. The UPLC-MS/ MS method was validated using an intra-assay and inter-assay precision < 3%. Recoveries were between 90-110% CONCLUSIONS: This UPLC-MS/MS method provided reliable unbound ciprofloxacin concentrations, allowing target attainment in critically ill patients and exploration of different dosing regimens.
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The fluoroquinolone ciprofloxacin has been a frequently used antibiotic in critically ill patients. Given the broad-spectrum bactericidal activity, the relative treatment safety and both parentally and orally administration options, fluoroquinolones are very important in treatment of ICU patients. Rapid identification and optimal treatment of bacterial infections, including minimizing the development of antibiotic resistance, is warranted in these critically ill patients [4, 5] . The efficacy of ciprofloxacin is dependent on the maximum serum concentration (C max ) and the area under the curve (AUC). Both the free Cmax (fC max ) and free AUC from 0-24 h (fAUC 0-24 ) are pharmacodynamic predictors of the efficacy of ciprofloxacin [6] . Fluoroquinolones exhibit a mainly concentration-dependent killing, but show time-dependent effects as well. Moreover, the maximum dose to be administered is limited by dose-related toxicity of the central nervous system. Consequently, the time of ciprofloxacin concentrations above the MIC should be optimised. Therefore, the most commonly used and best predictor of ciprofloxacin efficacy is AUC/MIC, which combines the C max and time above MIC [2, [7] [8] .
A therapeutic target level of fAUC 0-24 /minimum inhibitory concentration (MIC) ≥ 100 and fC max /MIC ≥ 8 are predictive for effective antibiotic therapy in critically ill patients [6, [9] [10] . Unfortunately, PK/pharmacodynamic (PK/PD) targets are not always achieved in ICU patients. Approximately 70% of the patients did not reach the target AUC/MIC of 125 with a MIC of 0.5 mg/L [5] [6] 11] . Approximately 70-80% of ciprofloxacin is present in the circulation as protein unbound drug, which accounts for the antibacterial activity [12, 13] . However, in critically ill ICU patients, the amount of protein bound and unbound fractions is subject to change because of disease characteristics [14] . Fever, blood pH, elevated bilirubin, and decreased albumin levels can cause the ratio of bound and unbound ciprofloxacin to change [1, [15] [16] . Moreover, highly protein-bound co-medication could displace ciprofloxacin from proteins. Because of the divergent ratio of drug protein binding in ICU patients, therapeutic target levels are not always achieved [5] [6] 11] . This could lead to failure of antibiotic therapy and development of antibiotic resistance. Therapeutic drug monitoring (TDM) is used to optimise drug efficacy and minimise drug toxicity. Although TDM of ciprofloxacin is recommended [6] , dose guidance based on plasma concentrations is not implemented in daily practice in hospitals. To implement TDM of ciprofloxacin, an accurate analytical method is needed to measure plasma concentrations. Since unbound plasma levels reflect the antibacterial activity more closely than total plasma levels do, TDM of unbound ciprofloxacin concentrations is desirable when treating ICU patients with a high level of intra-individual variability in protein binding [1, [15] [16] . Several analytical methods for measuring total ciprofloxacin plasma concentrations have been described [17] [18] [19] [20] [21] . However, there is little information about methods for quantifying unbound ciprofloxacin plasma levels. Therefore, the aim of this observational study was to develop and implement a reliable ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) method for the quantification of total and unbound ciprofloxacin plasma levels in hospital settings.
MATERIALS and METHODS

Setting and patients
The study was performed in a large teaching hospital. The ICU has 16 beds for medical and surgical patients.
Chemicals and standards
LC/MS grade ammonium acetate and methanol were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) and VWR International (Amsterdam, The Netherlands), respectively while formic acid (98-100% purity) was also obtained from VWR Internation-al. Purified water (MilliQ, Amsterdam, The Netherlands) was produced in our hospital. Pasteurised plasma protein solution (GPO) plasma and fresh frozen plasma (FFP) were purchased from Sanquin (Amsterdam, The Netherlands). Ciprofloxacin was purchased from Pharmachemie BV (Haarlem, The Netherlands) and cefazolin was purchased from Eurocept (Ankeveen, The Netherlands).
Plasma protein binding
In addition to quantifying total ciprofloxacin plasma concentrations, a method was developed to determine the plasma protein unbound ciprofloxacin concentrations. FFP was spiked 6 fold, to obtain concentrations of 0.2, 2.0 and 7.5 mg/L ciprofloxacin. First, 0.5 to 0.7 mL of the plasma samples was centrifuged at 1500 g for 25 min at 25 °C, using a Centrifree ultrafiltration device with a 30,000 molecular weight cut-off (Merck Millipore, Carrigtwohill, County Cork, Ireland). Then, 0.1 mL of the filtrate was prepared for UPLC/ MS-MS analysis according the described method.
UPLC-MS/MS conditions
The chromatographic analyses were performed using an Acquity H-class UPLC system with a Xevo TQD detector, equipped with a BEH C18 50 × 2.1 mm 1.7 µm column (all obtained from Waters Corporation, Milford, USA). The data were processed using the MassLynx© software (Waters Corporation, Milford, USA). The mobile phase consisted of 2 mM ammonium acetate in water containing 0.1% formic acid (phase A) and 2 mM ammonium acetate in methanol containing 0.1% formic acid (phase B). The separation was run using a gradient of 90% phase A, followed by 100% phase B, and finally back to 90% phase A. The total run time was 5 min with a constant flow rate of 0.5 mL/min at a column temperature of 40 °C. The analyses using electrospray ionization MS/MS were performed under the following conditions: desolvation gas flow, 1000 L/h at 600 °C; cone gas flow, 50 L/h; source temperature, 150 °C; cone voltage, 30 V; and capillary voltage, 1.0 kV. The transitions of precursor to product ions were detected at quantification and target trace of m/z 332 → 314.1, m/z 332 → 231.1 (retention time 2.00 min) and m/z 454.8 → 323.0, m/z 454.8→ 156.0 (retention time 2.04 min) for ciprofloxacin and cefazolin, respectively.
UPLC-MS/MS method validation
The method was validated for specificity, linearity, repeatability, intermediate precision, recovery, and lower limit of quantitation (LOQ) based on the European guidelines [22, 23] . To prove specificity of the method, GPO plasma samples were processed in ten-fold according to the UPLC-MS/MS method described. Multiple reaction monitoring (MRM) transitions of these samples were compared to those of a standard solution of 0.1 mg/L ciprofloxacin. The matrix effect was determined by measuring the multiple reaction monitoring (MRM) transitions of the blank matrix. These MRM transitions were compared to the MRM transitions of a 0.1 mg/L ciprofloxacin standard solution. The MRM transitions of the blank matrix should not exceed 5% compared to the MRM transitions of the standard solution. The linearity of the method was determined at the concentration range of 0.1-10.0 mg/L (n = 3). The precision of the method was tested by demonstrating its repeatability (intra-assay precision) and intermediate precision (inter-assay precision) using blank plasma spiked with ciprofloxacin at concentrations of 0.5 and 5.0 mg/L (n = 10). To investigate the intermediate precision, the samples were analysed using two different laboratory methods on two different days (three or four runs each day). The accuracy was determined by analysing solutions spiked with 4.0, 40, and 100 mg/L ciprofloxacin (n = 10) using the UPLC-MS/MS method. Finally, the LOQ was defined as a two times dilution of the lowest concentration of the concentration range (0.1 mg/L) [22] . Data were processed using Regres 10.01 and Microsoft Office Excel (version 2010, Microsoft Inc, Radmond, WA, USA).
Patient samples
The study was approved by the medical ethical committee of the Academic Hospital Maastricht (METC 17-4-025). The residual blood samples from the Laboratory of Clinical Chemistry and Hematology were collected unless the patient objected to its use for clinical research. Blood samples were collected during the period June 2017 until February 2018. The blood samples were stored during an average of approximately three months. Five ICU patients treated with ciprofloxacin were randomly selected. Since the focus of this observational study was the development of a method to analyse unbound fractions of ciprofloxacin and its implementation in daily clinical practice, no sample size calculation was performed. Blood samples were analysed according to the described UP-LC-MS/MS method to determine total and unbound ciprofloxacin plasma concentrations. To assess treatment efficacy, PK/PD targets of fAUC 0-24 /MIC ≥ 100 and fC max /MIC ≥ 8 were calculated using the non-species related MIC breakpoint of ciprofloxacin (0.5 mg/L) [24] . The AUC 0-24 and Cmax were estimated based on total and unbound ciprofloxacin concentrations of three blood samples using PK/PD software MwPharm© version 3.58 (Mediware, Groningen, The Netherlands). All analyses were performed in an ISO-15189 certified laboratory.
RESULTS
The UPLC-MS/MS method for quantitative determination of ciprofloxacin plasma levels was validated by examining six parameters: specificity, linearity, repeatability, intermediate precision, recovery, and LOQ. There were 0.0% MRM transitions detected in the blank matrix compared to the 0. Figure 1A) . A corresponding Bland-Altman plot is shown in Figure 1B . The precision and accuracy of the method were within acceptable limits for clinical use. The intra-assay coefficients of variation (CVs) were 1.84-2.20% and inter-assay CVs were 1.50-1.88% The method was accurate, with a calculated accuracy of 91.1-109.4% and CV of 3.59-5.18%. Furthermore, the LOQ of the UPLC/MS-MS method was 0.05 mg/L (CV 2.84%). Figure 2 shows a chromatogram of ciprofloxacin at the LOQ. The mean fraction of ciprofloxacin unbound plasma concentrations in the range of 0.2-7.5 mg/L was 60.5% ± 6.17% and the unbound fractions are shown in Table 1 . The intraday variability in protein binding was 3.06% (1.29 -5.93%).
Clinical application of UPLC-MS/MS method
Fifteen blood samples (three per patient) were collected from five critically ill patients admitted In the ICU and their characteristics are shown in Table 2 . Patients were treated with 400 mg ciprofloxacin intravenously once or twice daily. Ciprofloxacin total and unbound plasma concentrations were measured. The inter patient variability in protein binding was 12.7% (67.6 -90.4%); intra patient variability in protein binding was 12.1% 
Discussion
This observational study showed that our UPLC-MS/MS analysis was a reliable method for measuring total and protein unbound ciprofloxacin plasma concentrations within the therapeutic range of 0.1-10 mg/L and it had acceptable limits for clinical use [24, 25] . In addition, we showed that by using the UPLC-MS/MS method in everyday clinical practice of the ICU, ciprofloxacin target attainment differed widely between calculations based on bound and unbound ciprofloxacin levels. Moreover, most patients did not achieve the therapeutic target based on ciprofloxacin unbound plasma concentration, which is known to be a more accurate parameter to predict efficacy than total plasma concentrations.
Our results indicate that in daily clinical practice, ICU patients benefit from TDM of unbound ciprofloxacin levels. Routine TDM of quinolones is practiced in a few hospitals and there are very few reports in the literature. A positive outcome correlates with PD targets of an fAUC 0-24 /MIC ≥ 100 and fC max /MIC ≥ 8, which have been proposed as targets to reach clinical improvement in critically ill patients [6, 9, 10] . With a clinical breakpoint of 0.5 mg/L, the fAUC 0-24 should be at least 50 h·mg/L and the fCmax at least 4 mg/L. In our study, one out of five ICU patients reached the target fAUC 0-24 of 50 h·mg/L.
The results showed that all five patients reached the target C max of 4 mg/L. However, the unbound ciprofloxacin levels indicate that only two patients reached the fC max levels of ≥ 4 mg/L. The results show that the fAUC 0-24 and fC max based on total ciprofloxacin levels overestimated the clinically relevant PK/PD parameters of the unbound drug.
Our results are in line with those of previous studies addressing the PK of ciprofloxacin in critically ill patients [5, 11, 18, 19] . The precision and accuracy of our UPLC/MS-MS method were comparable with those of previously reported methods for analysing total ciprofloxacin plasma concentrations [18, 19] . In a prospective study, Van Zanten et al. [5] showed that administration of ciprofloxacin 400 mg intravenously to critically ill patients did lead to inadequate AUC 0-24 /MIC and C max /MIC ratios. Haeseker et al. [11] showed that even a substantial proportion of the general hospitalized patients was treated suboptimally with the recommended doses. In contrast to previously described methods, our UPLC/MS-MS method could be used to measure ciprofloxacin unbound fractions. There is a paucity of data on analysis of unbound ciprofloxacin levels using MS/MS, making a comparison of our results with those of previous studies cumbersome. Both total and unbound ciprofloxacin fractions showed a high inter-patient variability as demonstrated by the altered PK parameters in our cohort of critically ill patients. Our patients showed low albumin levels and were treated for sepsis, had elevated liver enzymes and were treated with fluid resuscitation. This could explain the high inter individual variability due to a reduced availability of albumin by loss of liver function or a higher volume of distribution caused by oedema and excessive fluid administration.
Our data suggest that measuring the unbound fractions of ciprofloxacin, could achieve accurate and personalized dosing strategies to optimise plasma concentrations. These measurements could improve patient clinical outcomes in future patients. TDM of quinolones, including protein unbound fractions, is likely warranted in ICU patients since protein plasma binding in these patients is unpredictable due to altered PK [15] . Therefore, TDM of unbound ciprofloxacin plasma concentrations should be considered to generate relevant information for the development of accurate and personalized dosing strategies.
Furthermore, this would facilitate the optimisation of ciprofloxacin plasma concentrations, and thereby possibly improving patient clinical outcomes.
To the best of our knowledge, this study is the first report a UPLC/MS-MS method for analysing protein unbound plasma concentrations of ciprofloxacin. We randomly selected the patient blood samples to avoid selection bias. In this way, we demonstrated the clinical use of the method in an average ICU population of a general teaching hospital. Our study has some limitations. It was a single centre study and the sample size was small. We did not perform sample size calculations because the study was focused on the technical aspects of the UPLC/MS-MS method. Patient samples were analysed to elucidate the clinical feasibility of the method application. Moreover, the clinical breakpoint of ciprofloxacin was used to interpret the PK-PD parameters. This could overestimate the percentage of ICU patients with suboptimal treatment in our hospital.
CONCLUSION
In conclusion, our UPLC-MS/MS method provides reliable, making target attainment in critically ill patients and exploration of different dosing regimens possible. TDM of antibiotic drugs based on the calculation of unbound drug fractions could become a daily practice in general hospitals. Future research in our hospital will be focused on TDM of antibiotics in ICU patients.
